Helicobacter mustelae, a gastric pathogen of ferrets, synthesizes a distinct iron-dependent urease in addition to its archetypical nickel-containing enzyme. The iron-urease is oxygen-labile, with the inactive protein exhibiting a methemerythrin-like electronic spectrum. Significantly, incubation of the oxidized protein with dithionite under anaerobic conditions leads to restoration of activity and bleaching of the spectrum. Structural analysis of the oxidized species reveals a dinuclear iron metallocenter bridged by a lysine carbamate, closely resembling the traditional nickelurease active site. Although the iron-urease is less active than the nickel-enzyme, its activity allows H. mustelae to survive the carnivore's low-nickel gastric environment.
Helicobacter mustelae, a gastric pathogen of ferrets, synthesizes a distinct iron-dependent urease in addition to its archetypical nickel-containing enzyme. The iron-urease is oxygen-labile, with the inactive protein exhibiting a methemerythrin-like electronic spectrum. Significantly, incubation of the oxidized protein with dithionite under anaerobic conditions leads to restoration of activity and bleaching of the spectrum. Structural analysis of the oxidized species reveals a dinuclear iron metallocenter bridged by a lysine carbamate, closely resembling the traditional nickelurease active site. Although the iron-urease is less active than the nickel-enzyme, its activity allows H. mustelae to survive the carnivore's low-nickel gastric environment.
diiron | hydrolase | metalloprotein | isoenzyme | enzyme activation U rease, a urea-hydrolyzing enzyme, is a virulence factor associated with gastric ulceration by Helicobacter pylori, infection-induced urinary stones, and other disease states (1) . Furthermore, the plant enzyme is essential for seed germination and is toxic to some fungi and insects (2) . Of historical interest, urease from jack bean (Canavalia ensiformis) seeds was the first enzyme to be crystallized (3) and the first protein shown to utilize nickel ions for its catalytic function (4) . Crystal structures of ureases from Klebsiella aerogenes (5), Bacillus pasteurii (6), H. pylori (7) , and jack bean (8) reveal a highly conserved active site architecture consisting of two nickel ions bridged by a lysine carbamate. Assembly of this metallocenter requires a complex maturation machinery involving several accessory proteins (9) . In this study we describe the purification, properties, and structure of an oxygen-labile, iron-dependent urease from a pathogen of ferrets; i.e., a naturally occurring nickel-independent form of this enzyme.
Helicobacter mustelae is a microaerophilic gastric pathogen of the ferret (Mustela putorius furo). This microbe and its mammalian host represent a useful model for H. pylori infection of humans (10, 11) . The ferret-associated microorganism produces high levels of urease activity in order to neutralize the acidic gastric contents, much like the pathogen of humans (12, 13) . H. pylori cells contain a single genetic cluster (ureABIEFGH) encoding two urease structural subunits, a proton-gated urea permease, and four urease accessory proteins (Fig. S1) , whereas H. mustelae contains both this cluster and a second set of urease structural genes (ureA2B2) located ∼10 6 base pairs downstream and not associated with any apparent maturation factors (14, 15) . UreA2 and UreB2 share 57.4% and 69.5% identity to their UreA and UreB counterparts (Fig. S2) , where the latter subunits are known to form an active nickel-containing enzyme (16) . In contrast to ureABIEFGH which is induced by the addition of nickel ions, transcription of ureA2B2 is up-regulated by iron and downregulated by nickel ions due to repression via NikR, a nickelresponsive transcriptional regulator (14) . Helicobacter felis and Helicobacter acinonychis, infectious agents of cats and big cats, also possess this genetic arrangement (14) .
Results

H. mustelae UreA2B2
Is an Oxygen-Labile Urease. A mutant strain of H. mustelae lacking nikR and ureB constitutively produces UreA2B2 and exhibits low levels of urease activity (14) (see Fig. S3 , Table S1 ). All strains producing UreAB yielded high levels of urease activity that were stable to cell lysis, but the low urease activity of the nikR ureB mutant was lost upon aerobic cell disruption. Significantly, the urease activity of the nikR ureB cells increased under anaerobic conditions and the lysate activity was stable when kept anaerobic (Table S1 ). Although the mutant strain produces only about 10% of the urease activity of the wild-type strain, it survives acidic shock conditions when provided with urea-consistent with UreA2B2 supporting H. mustelae growth in gastric tissue (14) . Furthermore the UreA2B2 activity is independent of UreG or HypB, proteins known to be essential for maturation of the Helicobacter nickel-containing urease (17) , suggesting a different activation mechanism (14) . In sum, these results suggest that UreA2B2 is a unique oxygen-labile urease that does not require typical accessory proteins for maturation.
Effects of Medium Supplementation with Metal Ions on UreA2B2
Activity. To investigate the effects of various metal ions on UreA2B2 urease activity, we examined recombinant cells because H. mustelae cell growth was limited to blood agar plates. Thus, we cloned and expressed ureA2B2 in Escherichia coli, grew the cells in Lennox Broth (LB), observed urease activity even in the absence of urease accessory proteins, demonstrated that supplementation with ferrous ions had negligible effects on activity, and found that addition of nickel or zinc led to diminutions of activity ( Fig. S4 A and C) . The various perturbations to the medium did not affect UreA2B2 production levels in cell extracts ( Fig. S4 B and D) . These results demonstrate that nickel or zinc additions to culture media do not increase UreA2B2 activity.
UreA2B2 Lacks Nickel and Contains Iron. To directly assess the metal content of UreA2B2, the protein was purified both aerobically and anaerobically from nikR ureB H. mustelae cells collected off plates and also aerobically from recombinant E. coli cells grown in broth culture. The purified proteins (see Fig. S5 ) were examined for metal contents by inductively coupled plasmaatomic emission spectroscopy and for iron by 1,10-phenanthroline assays ( Table 1 ).
As purified aerobically from H. mustelae, UreA2B2 contains ∼2 equivalents of iron per heterodimer, along with very small amounts of zinc and no detectable nickel. The iron content was not greatly affected by treatment with EDTA or 2,2-bipyridyl (BP), indicating that the metal is tightly bound and chelator inaccessible-as is the case for nickel-containing ureases. When UreA2B2 was purified from H. mustelae under anaerobic conditions in the absence of chelator, both iron and zinc (1.1 and 0.7 equivalents, respectively) were found. A similar sample of Author contributions: E.L.C., D.E.T., P.A.K., and R.P.H. designed research; E.L.C., D.E.T., and S.R.T. performed research; E.L.C., D.E.T., P.A.K., and R.P.H. analyzed data; and E.L.C., D.E.T., P.A.K., and R.P.H. wrote the paper.
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This article is a PNAS Direct Submission. anaerobically isolated enzyme (containing 1.3 equivalents of iron and 0.42 equivalents of zinc) treated with EDTA resulted in less zinc content (to 0.26 equivalents) while not affecting the iron content or the activity. Thus, zinc content does not correlate with enzyme activity. The anaerobic protein samples consistently bound less iron than aerobic samples, compatible with lower binding affinity for ferrous ions compared to the more highly charged ferric ions.
Aerobic purification of UreA2B2 from E. coli yielded a sample with only ∼1 equivalent of iron regardless of the presence or absence of EDTA and 2-mercaptoethanol (βME). Trace amounts of zinc and no nickel were detected. This result is consistent with UreA2B2 spontaneously acquiring some active site iron regardless of the host or with E. coli utilizing an endogenous iron incorporation system that partially compensates for unidentified maturation proteins in H. mustelae. In summary, these results demonstrate that regardless of the host UreA2B2 contains iron and small amounts of zinc while lacking nickel.
For comparison, the oxygen-stable UreAB was isolated from wild-type and nikR ureB2 H. mustelae (Fig. S5) . In contrast to the iron-dominated metal content of UreA2B2, UreAB purified from wild-type and nikR ureB2 H. mustelae contained 0.6 and 1.1 equivalents of nickel, respectively (Table 1 ). NikR represses transcription of genes encoding nickel import proteins in H. mustelae and E. coli (18, 19) ; thus, the nikR ureB2 mutant likely contains higher cellular levels of nickel compared to wild-type cells, thereby accounting for the ∼2-fold increase in nickel content (and specific activity, see below) of UreAB in this strain.
Kinetic Properties of UreA2B2. UreA2B2 purified anaerobically from nikR ureB H. mustelae was active [V max of ∼14 U ðmg proteinÞ −1 ], whereas all samples of this protein purified aerobically lacked activity (Table 1) . Progress curves generated using anaerobically prepared UreA2B2 demonstrated inhibition by acetohydroxamic acid, a common inhibitor of nickel-containing ureases, and twofold enhancement of activity by 1 mM EDTA, consistent with tight binding of the active site iron and chelation of an inhibitory metal ion (Fig. 1A) . Metal ion inhibition of ureases is well established (20) , and the inclusion of NiCl 2 in the assay led to a time-dependent decrease of activity. Exposure to air (∼20 min) abolished the activity of purified enzyme, confirming its oxygen lability. Of great importance, subjecting aerobic UreA2B2 (which contains only trace levels of zinc) to gas exchange and dithionite treatment led to its reactivation (Fig. 1B) and the reactivated H. mustelae-and E. coli-derived proteins possessed activities approaching that of the enzyme isolated using strictly anaerobic purification procedures ( Table 1) . The inclusion of one equivalent of nickel or zinc in the reductive reactivation buffer containing E. coli-derived protein did not have a marked effect on the resultant specific activity (Fig. 1C) ; iron may have stimulated modestly and nickel may have slightly inhibited the process. These results further establish that neither nickel nor zinc is required for UreA2B2 activity.
Anaerobic UreA2B2 exhibited a K m (∼2 mM) similar to that for UreAB; however, UreAB had much greater activity [V max of ∼390 and 840 U ðmg proteinÞ −1 ], respectively, from the wild-type or nikR ureB2 mutant H. mustelae cells). For comparison, urease from H. mustelae cells grown on 5% sheep blood and Trypticase soy agar [a medium with more nickel (21)] exhibited a specific activity of 1;560 U mg −1 and a urea K m of 0.45 mM (16) .
Analysis of the UreA2B2 Metallocenter. To probe the electronic properties of the UreA2B2 metallocenter, UV-visible absorption spectroscopy was carried out on aerobic and anaerobic samples. Wavelength scans of the aerobically purified protein indicated a small and broad absorption at ∼500 nm, with more prominent shoulders at ∼380 nm and ∼320 nm ( Fig. 2A) . These features are reminiscent of the methemerythrin spectrum attributed to a μ-oxo bridged diferric metallocenter (22) . Addition of sodium dithionite to oxidized UreA2B2 under anaerobic conditions caused bleaching of the spectrum, in parallel to the restoration of activity, consistent with direct reduction of the active site ferric ions (Fig. 2B) . Exposure of the reduced sample to oxygen led to the redevelopment of the chromophore.
Additional evidence that the UreA2B2-associated iron is associated with a homodinuclear center was derived from electron paramagnetic resonance (EPR) studies. In particular, neither the oxidized nor the reduced sample exhibited an EPR spectrum in the standard perpendicular mode. For an oxidized dinuclear center [i.e., Fe(III)/Fe(III)], antiferromagnetic coupling yields an overall S ¼ 0 accounting for lack of signal. For reduced [Fe(II)/Fe(II)] species, the ferrous ions often possess a signal with a high g-value in parallel mode that may not be visible in perpendicular mode. A lack of signal for both redox states would not be expected for a mononuclear iron site or for an iron-zinc heterodinuclear site, thus ruling out significant levels of these species.
Alignment of UreA2B2 with other urease sequences (Fig. S2 ) indicated the presence of a Lys at position 218 in UreB2, comparable to the Lys that forms a carbamate which serves as a ligand bridging the two metal ions in nickel-containing ureases. Recombinant E. coli cells expressing mutated ureA2B2, where this residue was substituted with Ala, Arg, or Glu, lacked urease activity, consistent with Lys218 playing a critical role at the active site. A homology model of UreA2B2, created using the structure of H. pylori urease as a template, identified a unique Cys residue near the active site that initially was suspected of being important for metal ion specificity. Substitution of this residue by Ala, as found in H. pylori and most other urease sequences, had only modest effects (85% activity retained) in whole E. coli cells grown in LB when compared to recombinant cultures containing wildtype UreA2B2; hence, we conclude that Cys245 is not required for proper metallocenter assembly.
Crystal Structure of UreA2B2. To identify potential functionally relevant differences between the active sites of the UreA2B2 iron-containing active site in comparison to that of nickel ureases, the aerobically isolated protein was crystallized and the structure elucidated at 3.0 Å resolution (Table S2) . As expected, the tertiary structure matches that of other ureases, and the quaternary structure matches that of H. pylori urease (7), being a superstructure of four UreA2B2 trimers arranged as a hollow ball with tetrahedral symmetry (Fig. 3A) . The active sites open to the outer surface of the sphere, with access partially occluded by the 317 to 333 loop. This active site flap adopts a different conformation in various urease crystal forms, and has high flexibility in all cases (Fig 3A) . At this resolution, the ligands to the iron atoms are arranged in an indistinguishable manner from their equivalents in the nickel ureases (Fig. 3B) . Some additional electron density near the Fe1 atom is similar in placement and shape to the density seen for acetohydroxamic acid bound to H. pylori urease (PDB entry 1E9Y) (7) . With acetate present in the mother liquor of our crystals, this density may represent acetate binding to the active site, but because an unambiguous identification cannot be made we have not modeled this density. Comparison of B factors of the metal ions with those of ligating residues indicates that the metal sites are fully occupied, consistent with preferential crystallization of the metallated form of the enzyme.
Discussion
The biochemical and crystallographic data described here demonstrate that H. mustelae UreA2B2 is a dinuclear ferrous Fig. 1 . Activity of purified UreA2B2. (A) Progress curves for UreA2B2 purified anaerobically from H. mustelae when assayed in anaerobic buffer containing 50 mM urea (empty circle) or further supplemented with 3 mM acetohydroxamic acid (filled circles), 1 mM EDTA (solid upside down triangle), or 100 μM NiCl 2 (empty triangle). Data points represent the average of duplicate experiments. (B) Activation kinetics of oxidized UreA2B2 by dithionite. Inactive samples (∼10 μM heterodimer) purified aerobically from H. mustelae (filled circles) and E. coli (open circles) were subjected to vacuum/argon cycling, supplemented with ∼100 μM dithionite, and incubated at ambient temperature. At the indicated time points, samples were assayed anaerobically in buffer containing 50 mM urea. Data points represent the average of triplicate experiments AE standard deviation. (C) Specific activity after reductive activation of E. coli-derived protein in the presence of metal ions. Protein (∼10 μM) was incubated with 1 mM dithionite and one equivalent of FeSO 4 , NiCl 2 , or ZnCl 2 for 90 min before aliquots were assayed. Bars represent the average of triplicate experiments AE standard deviation. ion-dependent urease; i.e., a distinct nickel-independent form of the enzyme. Oxidation by O 2 likely leads to a μ-oxo bridged diferric inactive species that can be chemically reduced to restore activity. The presence of two types of urease in H. mustelae, H. felis (23) , and H. acinonychis may represent an evolutionary adaptation to their niches, as previously hypothesized on the basis of the differential regulation of their urease gene clusters (14) . Helicobacter species require urease activity to colonize the host gastric tissue; however, carnivores have diets rich in iron and low in nickel content (24) so infection by these pathogens would be hindered if they were limited to possessing only nickel ureases. The capacity to produce either a nickel-or iron-urease allows these microbes to colonize their hosts regardless of their host's diets.
The basis of the distinct metal specificities for the two ureases in H. mustelae remains obscure. The immediate environment around the iron urease active site is nearly identical to that in nickel ureases, and so we considered the broader context of the whole protein chains, which reveals 92 residues that are conserved in UreA2B2 sequences and lacking in nickel ureases (Fig. S2) . Notably, mapping these UreA2B2-distinct residues onto the urease structure (Fig. S6 ) revealed a prominent cluster that encircles the entrance to the active site (Fig. 3C ). This finding leads us to the hypothesis that the difference in metal discrimination occurs during the metal loading process.
An interesting question is whether a conventional nickeldependent urease could function with iron. The apoprotein from K. aerogenes can be produced in E. coli either by leaving out an accessory gene in the transformed operon or by growing the cells in the absence of nickel, and its activation has been well studied (25) . Roughly (∼15%) of the K. aerogenes urease apoprotein is activated by incubation in bicarbonate-containing buffer with 100 μM nickel [yielding ∼400 U ðmg proteinÞ −1 ], less activity is obtained with manganese and cobalt [7 and 9 U ðmg proteinÞ −1 ], and no activity is obtained for copper or zinc. Our efforts to activate the conventional K. aerogenes urease apoprotein in the same conditions with ferrous rather than nickel ions led to variable levels of highly oxygen-labile activity, with the maximum observed activity for the iron-substituted enzyme of 9.0 AE 1.4 U ðmg proteinÞ −1 . Thus, under artificial conditions low levels of iron-dependent urease activity can be obtained in a conventional urease.
Urease thus joins a small group of enzymes for which homologous sequences are known to bind alternative metals for carrying out the same catalytic function. Examples of such enzymes include the Mo-, V-, and Fe-nitrogenases (26), Mn-and Fe-superoxide dismutases (27) , di-Fe, Mn-Fe, and di-Mn class I ribonucleotide reductases (28) , and Zn-vs. Ni-glyoxylases (29) . Whereas metallocenter assembly for the different nitrogenases makes use of distinct sets of accessory proteins, the basis of metal specificity in superoxide dismutases is less clear. Ribonucleotide reductases are of interest because formation of active enzyme occurs spontaneously with O 2 for the di-ferrous protein, whereas activation of the di-Mn protein requires hydroperoxyl anion from a reduced flavoprotein. A possible close parallel to urease is glyoxylase, for which high resolution structures of various metallated proteins indicate differences in coordination for active (octahedral) vs. inactive (five-coordinate) sites. This finding demonstrates that very subtle changes in metallocenter structure can have profound effects on activity, a situation likely to be relevant to Fe-and Ni-ureases.
Materials and Methods
Bacterial Strains and Growth. The H. mustelae strains used in this study were previously described (14) and include wild-type cells and nikR ureB (a constitutive producer of UreA2B2), nikR ureB2 (a constitutive producer of UreAB), nikR ureB ureB2 (a urease-negative control), and ureB2 (a nickel-responsive producer of UreAB) mutants. Cells were grown on blood agar plates [Columbia blood agar base (Oxoid) with 7% defibrinated horse blood One ðUreA2B2Þ 3 trimer is rainbow-colored from blue to red, indicating increasing chain mobility as measured by B factors, with one UreA2B2 unit shown as a ribbon with the active site irons as brown spheres. The three active site flaps are visible as red-orange patches and, for the ribbon representation, a gap is due to disorder of four residues that were not modeled. (B) An unbiased 2F o -F c electron density map of the metallocenter, generated from a model before the metals or metal ligands were built, is compared with the K. aerogenes urease structure. Nickels (teal spheres), side chains not included in the phasing model (green carbons and labeled), and other local protein atoms (white carbons) are shown, and the electron density is contoured at two levels (0.3 and 1.3 e∕Å 3 ). (C) Active site region highlighting (in cyan)
residues differing between UreA2B2-type ureases and other ureases. The molecular surface is shown except for the active site flap (red ribbon) and irons (brown spheres). The view is as for the molecule shown as a ribbon in (A).
(HEMA Resources) and DENT selective supplement (Oxoid)] after inoculating with cells from frozen stock. Plates were incubated for ∼72 h at 37°C in Gas-Pak anaerobic systems (Becton, Dickinson and Company) using CampyGen (Oxoid) sachets to maintain a microaerobic environment. Studies involving the heterologous production of UreA2B2 in E. coli were carried out by using BL21-Gold (Stratagene) transformed with pEC015 or its site-directed variants (see SI Text) and grown in LB (Fisher Scientific) at 37°C with shaking.
Urease and Protein Assays. Urease activity was determined by quantifying the ammonia released during urea degradation by the formation of indophenol which was monitored at 625 nm (30 In Vitro Reactivation of Aerobically-Purified UreA2B2. UreA2B2 purified aerobically from H. mustelae or E. coli was degassed and transferred into an anaerobic Coy chamber. Protein samples (∼10 μM, 20 mM Tris-HCl, pH 7.4, 300 mM NaCl) were mixed with ∼0.1 mM sodium dithionite and incubated at ambient temperature for the times indicated. Aliquots of the reaction mixtures were assayed for urease activity under anoxic conditions. To assess the effect of added metal ions on the reactivation, E. coli-derived protein (∼10 μM in 20 mM Tris-HCl, pH 7.4, containing 300 mM NaCl) was mixed with 1 mM sodium dithionite and 10 μM FeSO 4 , NiCl 2 , or ZnCl 2 for 90 min at ambient temperature before aliquots of the mixtures were assayed for urease activity.
Absorption Spectroscopy. The electronic spectra of UreA2B2 samples were monitored by using a Shimadzu UV-2401PC spectrophotometer at room temperature. Samples in sealed serum vials were made anaerobic by repeated (>10) vacuum/argon cycles on a Schlenk line before being transferred to anaerobic cuvettes using gas-tight syringes (Hamilton). Degassed sodium dithionite solution was anaerobically transferred into the anoxic protein solution, incubated at room temperature for up to 60 min, and spectra were recorded every 10 min. The protein concentration was diluted by less than 1% due to the addition of dithionite.
EPR Spectroscopy. E. coli-derived UreA2B2 (100 μM) in 20 mM Tris-HCl, pH 7.4, with 300 mM NaCl was degassed by several vacuum/argon cycles and transferred into an anaerobic chamber (∼2.5% H 2 and balance N 2 ). One aliquot was transferred directly into an EPR tube whereas a second sample (230 μL) was treated with sodium dithionite (2.3 μL of 50 mM, final concentration of ∼0.5 mM) at ambient temperature. After 20 min the tubes were sealed with septa, removed from the chamber, and frozen in liquid N 2 . The samples were examined by EPR spectroscopy at 4.3 K using a Bruker E300X spectrometer operating at X-band and equipped with an Oxford Instruments liquid helium flow system with a CF-935 cryostat and an ITC-503 temperature controller.
UreA2B2 Structural Characterization. Crystallization, data collection, structure solution, and refinement are described in SI Text. Two models were deposited in the Protein Databank as entries 3QGA (3.0 Å, wild-type) and 3QGK (3.0 Å, wild-type, no solvent), respectively.
